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Abstract 

The  inner-valence  <20-36eV)  photoelectron  spectrum  of 
N7  is  interpreted  bv  comparina  with  various  spectra  (such  as 
absorption,  N4--  yield,  + 1  uorescence-vi  el  d,  and  core-level 
nhotrelrctrnn  spectra)  and  with  theoretical  calculations. 

I  ho  bands  al  J5.3,  Z't .  0,  "32.6,  33.  3  (Sharp  and  weak),  and 
I'MieV  <wc*al  )  are  attributed  to  the  a£«J*'<30',J'**  I*,)  , 

aK„*  i^gr..  ‘1*.,  >h,),  »&.,-<  3a,  »1*„  -»!*,).  *a.(3a,-*2a..- 

•!*„).  and  '-'Ko'  (  1  jr0  - )  states,  respectively. 
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1.  Introduction 

The  photoelectron  spectrum  (PEG)  by  Nyhoim  e t  al  .  L1J, 
the  lower  spectrum  in  Figure  1,  clearly  shows  four  bands 
around  25eV(C),  29eV(F),  33eV(E),  and  3BeV<H>,  and  probably 
a  weak  band  around  3SeV<U>.  The  recent  measurement  by 
k.rummacher  _et  al .  C2T,  the  upper  spectrum  in  Figure  1, 
confirms  the  presence  of  these  bands.  H  band,  the  strongest 
and  broadest  band  amonq  the  -five  bands,  is  known  to  consist 
of  several  "  states  that  borrow  their  intensities  from 
2o0_1  configuration.  In  this  letter,  we  assign  symmetries 
and  dominant  electronic  configurations  to  the  L.  F.  E ,  and  G 
bands. 


First,  we  obtain  symmetries  and  dominant  configurations 
from  experiments  bv  comparing  the  PEG  with  cither  spectra, 
such  as  the  absorption  spectrum,  the  N"  vieju  spectrum,  the 
core- level  k'ES,  and  a  valence  level  t  Lh  of  a  different 
photon  energy.  lhen,  we  compare  the  obtained  symmetries  and 
configurations  with  published  theoretical  calculations. 

2.  Observed  Rydberg  states  and  the  inversion  symmetry  of  its 
ion-core  s ta te , 

There  is  a  close  relationship  between  an  ooserved  (that 
is,  dipole-allowed)  Kydberq  state  and  the  inversion  svmmetry 
of  its  ion-core  state.  Rydberg  states  that  are  excited  from 
the  Na  ground  state,  ‘E«*,  by  dipole  transitions  should  have 
"u"  symmetry  because  the  dipole  operator  has  "u"  svmmetry. 


If  a  Rydberg  state  I-ns  or  I-nd  is  observed,  its  ion-core 
state  I  should  have  "u"  symmetry  because  Rydberg  orbital  ns 
or  nd  has  "q"  symmetry.  It  a  Rydberg  state  i-np  is 
observed,  its  ion-core  state  I  should  have  “g"  symmetry 
because  Rydberq  orbital  np  has  "u"  symmetry. 

figure  2  shows  how  we  identify  the  C-3d,  F-3p,  F-4p, 
and  t-3s  Rydberq  states  in  the  absorption  (ABS)  and  N^-yield 
spectra.  I  he  solid  bars  in  the  middle  of  the  figure  denote 
the  Rydoer q-el ec tr on  binding  energies  that  are  estimated 
from  the  Rvdberu  states  converging  to  the  one-hole  (lh) 
states.  Hute  that  the  band  widths  of  the  C  and  C-.J-d  states 
are  similar  and  that  those  of  the  F  and  F-3p  states  are  also 
similar.  faired  vibrational  progressions  are  identified  for 
trie  u  3d  state.  details  of  this  identification  will  be 
pub  1 1  shod  elsewhere. 

I  he  observation  of  the  C-  id,  F~3p  (or  f-4p>,  and  t-3s 
Rydberg  states  implies  that  the  L,  K,  and  h  ionized  states 
nave  "n",  "o".  and  '"u”  symmetr  les,  respectively. 

j ..  Photon -ener  gy  var  l  a it  ion  of.  _PFS 

Ionization  into  two-hole,  one-electron  (2h-le>  states 
or  tnree-hale ,  two-electron  (5h-2e>  states  as  forbidden, 
because  it  involves  a  two-  or  three-el ectron- tump 
transition.  2h- le  or  3h-2e  states  qain  their  intensity 
thr  ouqti  conf  i  gurat  1  on-i  n  ter  act  i  on  (CI>  mixing  with  lh 
states.  In  a  c onf i gurat i on  interaction,  only  the  states 


th.it  have  the  name  svnwietrv  can  mi::  with  each  other. 
Therefore,  the  bands,  that  are  clearly  observed  in  FES  (such 
as  the  C,,  F,  E.  and  13  bands)  should  have  either  (the 

svmmetrv  of  the  20,,'  1  and  30„ '  *  states),  (the  svmmetry 

of  the  .Jo,.,  1  state)  ,  or  an..  (the  symmetry  of  the  1*.,  * 
state) . 

i  lq lire  1  compares  PES  s  of  different  photon  enerdies. 
When  the  photon  ensrqv  is  decreased  from  1487eV  to  fjU.teV, 
the  Jo,,  *  and  It,.  *  intensities  increase  relative  to  the 
.‘or.,  1  intend  tv  and  a  I  so  *  tie  F  intensity  increases  relative 
to  the  t, ,  E .  >3,  and  H  intensities.  those  relative  increases 
are  depicted  ny  shaded  ar eac  in  the  fiaure.  The 
simultaneous  increases  of  the  'o„  1  ,  It,,  *,  and  F 
intensities  suaaest  that  the  f  state  im  :es  with  either  the 
3cra~l  or  It,.  1  state  and  also  that  the  f. ,  E.  and  G  states  do 
not  mi>:  with  these  states  (that  is.  the  C,  L.  and  G  states 
mix  with  ei  ther  the  2o„'  »  or  2o.,  *  state). 

In  the  preceding  section,  we  have  concluded  that  the  F 
state  should  have  "q"  symmetry.  Combining  this  and  the 
above  conclusion  that  the  F  state  must  mi::  with  either  the 
3cr*-‘  or  In,,-1  state,  we  conclude  that  the  F  state  mines 
with  the  and  2c,,  *  states.  Since  the  C  and  E  states 

should  have  "u"  symmetry  and  must  min  with  either  the  2oq  ’* 
or  2o>,  ‘  states,  we  conclude  that  the  C  and  E  states  min 
with  the  20,/  1  state.  In  summary,  the  f  state  has  the  aE„*' 


symmetry;  the  L  and  E  states  have  the  aE..-  symmetry;  and  the 
G  state  has  the  aE*-  symmetry. 

4.  I  he  "  VI . 1  1  shake-up  st  ates 

the  no-1!*,.  ‘Ijn  corhauration  aives  two  aE*  states. 

Me  *  •■ft  r1  1 1,  it  their  enerai  es  relative  to  the  -*£  •  <  no  1 ) 
state  1 1  hat  is.  the  *  <  no  • 1  1  1  1  *0  )  -•'L  *  ( no  *  >  ener  qi  es ) 

are  aporo'i  imate!  v  independent  ot  the  no  '*  hole.  Here,  the 
no" 1  hole  may  he  lo  l,  ..o,,  *.  nr  'oa  ‘.  The  fol lowing 

anal  *  sin  is  Past"!  on  this  assumption. 

the  i  lo  - 1  1  ‘l*,,/  states  have  been  identified  as 

the  lowest  two  shake-up  peals  in  the  core-level  FES  (the 
middle  ..r,d  bottom  spectra  of  Figure  3)  L3J.  The  second- 
lowest,  sh-sl  e-up  peak  is  much  stronqer  than  the  lowest 
shake-up  peal  ,  as  seen  in  Figure  3,  indicating  that  the 
hiaher  -U ••it,  ‘|i„  1  !*,,.»  state  mixes  more  stronaly  with  the 
i’L*(lo  *1  state. 

iJh«=n  the  lo'1  peak,  of  the  core-level  F'Eb  (the  middle) 
is  aligned  with  the-  So y,"1  peak  of  the  valence-level  PES  (the 
top),  the  zE:-<lo--1lito"*lita>  shake-up  peaks  nearly  align  with 
the  C  and  E  bands,  as  shown  in  the  Figure.  This  agreement 
suggests  that  the  C  and  E  bands  are  the  aEtl'4'  (3a„~‘  l*u~l  1*0> 
shake-up  states  From  the  3o0-‘  hole.  In  the  preceding 
section,  we  have  concluded  that  the  C  and  E  bands  should 
have  the  “E,,"  symmetry.  This  conclusion  confirms  the  above 
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statement.  In  summary,  the  C  and  fc  bands  should  have  the 
2Eu*  symmetry  and  the  3a0_1 1*.,  - 1 1  contigurauon. 

When  the  lo“*  peak  of  the  core-level  Ptb  (the  bottom) 
is  aligned  with  the  2d,,'1  peak  of  the  valence-level  PES  (the 
top),  the  i  lb"1 1  lit."2  1  x„)  shake-up  peaks  nearly  alicjn  with 
the  F  and  S  bands  (see  Figure  3).  (his  agreement  would 
sugqest  that  the  F  and  b  bands  are  the  i  2a,,  ' 1 1  ll*0> 

states  of  the  2ou"‘  hole.  However,  the  core-level  FES  also 
suqgests  that  the  13  band  should  be  stronaer  than  the  F  band, 
contrary  to  Figure  3.  We  attribute  the  H  band,  which  is 
indicated  in  Figure  1,  to  the  higher  i 2a. ,  ‘ 1  1  ‘lita) 

state.  This  assignment  will  be  discussed  elsewhere.  In  the 
prec-dinq  section,  we  concluded  that  the  F  band  should  have 
the  symmetry.  This  conclusion  confirms  the 

1 1  w.,  ‘ *  l  )  assignment  of  the  F  band. 

3.  fcia.nd.  widths  of  PES 

Based  on  their  bonding  ( 3o0  and  In,.)  and  antibondina 
<2a.,  and  lw„>  characters,  we  expect  that  the  t-WHM  s  of  the 
two  “£,,M 3a„  al*,,'  *l*q)  states  are  similar  to  each  cither  and 
are  larger  than  the  FWHil  s  of  the  sE,*i.'o„  Mu,,  *1k„> 
states.  Schirmer  e_t  al  .  141  calculated  the  FWHtl  c  tor  these 

states  and  confirmed  the  above  expectation:  2. 06cV  and 
2. 12eV  tor  the  2EU  *  ( 3a„  ‘1*.,  *1*0>  states  and  1 . 24eV  lor  the 
lower  aE,*  (2a,, “  *  Ik^-1  1k»)  state. 
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I  he  obser  ved  KfctHM '  s  («*2. 2eV>  ot  the  C  and  t  bands  are 
similar  to  each  other  and  are  larger  than  the  observed  F  WHM  <  % 
l.fceV)  ot  the  F  band.  these  observed  hand  widths  support 
the  C  -'ll,. '  (  Z-Qr,  -  *  1  *  ln0 )  <  £  aE„*  (Jo*-  *  l*i, " 1  1  *<»)  ,  and  K 

*  l  2o, ,  *  1  n,.  ‘  1  *«, )  assignments.  (he  C  “Eu"  (3ffa  '‘It,."1  lt0) 
assignment  has  been  well  established  through  studies  on  the 
b  —  A  transition  L  a  ,  6  1 . 

o,  Itu-or  etn  al  i  a  l  ct  1 1  at  ions. 

Figure  4  comparts  the  experimental  results  (the  first 
column)  with  published  theoretical  calculations  (the 
remaining  columns).  i he  shaded  bars  depict  the  band-peak 
energies  from  FIS.  f he  symmetries  and  the  dominant 
configurations  in  the  first  column  are  those  determined  in 
the  proviou.  •  i  tons.  i  he  indicates  the  presence  of 

both  -jcin  *  and  *  mixing,  end  the  •  -:•)  indicates  the 

absence  ot  trie  :-o„  *  mixing. 

theoretical  calculations  shown  are  the  lowest  six 
states  that  have'  either  ,  ''ft...  or  -ib ,  “  symmetry, 

excluding  the  A  ‘  \  Soa  ' 1  >  ,  F»  “Cl,.  1 1*..  1 )  and  tf  aE,/(j  o,.  ‘ ) 
states.  Solid  bars  show  the  calculated  vertical  ionisation 
pot  cut  l  al  s ,  and  the  numbers  above  or  tie-low  rhe  bars  aive  the 
one- hole  ml:  inci  intensities.  the  “L'a  ‘  state  mixes  witti  two 
one-hole  states,  the  .oa  *  and  .o„  1  states;  th.-  upper 
number  denotes  the  _‘a«,  *  mixing  intensity.  [he  symmetries 
and  the  dominant  configurations  in  the  last  column  are 


determined  from  calculations 
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I  he  computational  methods  used  were  the  partitioning  Cl 
(Kosuqi  et  al.  L/'3>,  the  polarization  Cl  iLanuhott  et  al  . 
183),  the  mul  t  uonf  iaur.it  1  DnaJ  Breen  1  s  function  '.Nichols  et 
al  .  L  9  .1  >  ,  and  the  equat  i  on- of -mot  i  on  Breen's  function 
(Herman  et  al .  1103).  Kosuqi  s.  Lanqho+f  s  and  Nichols 

calculations  include  the  lh,  2h-le,  and  Jh-2e 
ronl i qurati ons.  but  Herman's  calculation  includes  only  the 
Hi  and  2h-lo  i  onf l aur at l ons .  Calculations  that  are  not 
shown  iti  t-ioure  4,  such  as  those  by  Schirmer  et  al.  I  4  ,  1  1  J  . 
and  the  si  ngl  e-e::ci  tat  l  on  Cl  and  2ph-TDA  Green  s  function 
calculations  in  Ref.  183,  also  include  onlv  the  lh  and  2h-le 
conf  i  aurat  l  oris  and  give  results  similar  to  Herman  s 
calculation.  If  has  been  demonstrated  C7.83  that  the 
inclusion  of  the  J.h-2e  configurations  is  essential  to 
provide  accuracy  for  the  biaher  states  above  J.2eV. 

For  the  C  and  K  bands,  the  theoretical  calculations 
almost  reproduce  the  experimental  results  tor  the  band 
energies,  the  band  intensities,  the  symmetries,  and  the 
dominant  electronic  conf i gur at l ons .  The  theoretical 
calculations  except  Nichols'  calculation  aqree  on  the  amount 
of  5aa“*  mimnq  in  the  F  state.  The  calculated  intensity 
for  the  an„  state  around  28eV  is  too  weal  to  be  observed. 

Fror  the  8  band,  hosugi  s  and  Lanohoff  s  calculations 
agree  with  the  exper i ment al  results  for  the  band  energies, 
the  band  intensities,  the  symmetries,  and  the  dominant 
electronic  conf i qur at l on .  Note  that  the  calculated 
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intensity  tor  the  '-ft,  state  around  53eV  is  too  weal  to 
assiqn  to  the  £  band. 

for  the  h  hand,  the  theoretical  calculations  aoree  with 
the  ev per i mental  results  tor  the  band  enerov,  band 
intensity,  the  symmetry,  and  the  near  absence  of  3o„  1 
mining.  !  he  theoretical  dominant  c  ont  1  aur  at  1  on  3o„  ‘It,," 
-'l»nv  is  ..  i  so  '  onsi  «•»  erit  wi  th  the  expert  mental  evidence  that 
jo,,  ‘I?..  1  t  is.  not  a  dominant  con  t  i  aur  at  i  on .  Based  on 
this  agreement  ,  '.it'  assign  the  *  (  3oa  *  1  *lito*>  state  to 
♦.tie  'j  band. 

I  he  above  comparisons  suaaest  that  losuqi  s  and 
Lanahot t  s  calculations  are  reliable.  These  two 
•:  al eolations  predict  a  I  ow- i  ntensi  ty  •'M„(3oi,"‘2o„'1lii,)  band 
around  3eV .  this  band  is  expected  to  be  sharper  than  the  F 

band  >  ludoina  trom  rq  r.ont  i  qur  at  i  on )  and  to  show  the 
phot  on- energy  variation  similar  to  that  of  the  F  band  (see 
tin.  1'.  in  figure  2  ot  Reference  C2J ,  we  can  recognize  a 
sharp  i nw- l ntensi tv  band  at  33.3eV,  which  seems  to  show  the 
c:ppi  ted  i -hctnn- -ener qv  variation.  furthermore,  a  31.5eV 
P eat  in  the  fluorescence  spectrum  112]  can  be  attributed  to 
■fie  3d  or  4s  Rydberg  state  converging  to  this  ionized  state 
at  / 3, 3eV.  Based  on  these  evidence,  we  identify  the  sharp 
1 ow- i ntensi tv  band  at  33. 3eV  in  the  RES  as  the  an„<3a0~*2 nu" 


1*„)  state. 
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Fig.  1.  Comparison  of  photoel ectron  spectra  taken  at  two 
different  incident  photon  energies.  The  shaded 
areas  indicate  the  relative  increase  in  the  band 
intensities  at  the  50.3eV  photon  energy  in 
comparison  with  tnose  at  the  1487eV  photon  energy. 

Fig.  2.  Indent  1  f  1  cati on  of  the  Ftydberg  states  converging  to 
the  c,  F,  and  £  ionized  states. 

Fig.  2..  Ihe  »  ms •" 1 1  ‘  1 >  shake-up  states  observed  in 

the  val ence-levei  and  core-level  PHS. 

Fiq.  4.  Comparison  of  the  e:;per  i  mental  results  with 
published  theoretical  calcul at i ons . 
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